from PM:ER MCS (22, 23) , suggesting that localization of Kv2.1 with these specialized membrane domains is conditional. In addition to regulating clustering, changes in the Kv2.1 phosphorylation state leads to complex effects on Kv2.1 voltage-dependent gating (18, 20, 21, 24 -26) and expression level (27, 28) . Consistent with its complex phosphorylation-dependent regulation, a large number (Ͼ35) of in vivo phosphorylation sites (phosphosites) have been identified on Kv2.1, most of which are on the large (400 amino acid) cytoplasmic C terminus (reviewed in Ref. 29 ). Among these is a single site (Ser(P)-586) that when mutated results in loss of Kv2.1 clustering (9) , although a direct mechanistic requirement for phosphorylation at this site in regulating Kv2.1 clustering has not been definitively established.
Overexpression of Kv2.1 in brain neurons (12, 23) and in heterologous HEK293 cells (23) enhances PM:ER MCS, suggesting a role for this PM channel in induction or stabilization of these specialized membrane contact sites. The conditional localization of Kv2.1 at these sites, and the impact of Kv2.1 on their structure, suggests a possible role for Kv2.1 phosphorylation in conditionally regulating association of the ER with the PM. However, the clustering, phosphorylation state, and association with PM:ER MCS of Kv2.1 during mitosis, when robust changes in membrane structure throughout the cell are driven by cell cycle-dependent changes in protein kinase and phosphatase activity (30) leading to widespread changes in cellular protein phosphorylation (31) , has not been investigated. During mitosis, the ER becomes relocalized to the cell periphery, and is excluded from the mitotic spindle (32) . It has been suggested that relocalization of the ER to the cell periphery during mitosis facilitates its even distribution into the daughter cells (32) . Much is known of the cell cycle-dependent changes in the structure of the nuclear envelope (33) , the Golgi apparatus (34) , and ER (35) during mitosis, and the signaling pathways that couple mitotic machinery to changes in phosphorylation of components of these membrane organelles. A prominent example is the ER resident protein STIM1, which is a substrate for mitotic phosphorylation that alters its interaction with the microtubule plus tip binding protein EB1 and mediates loss of ER binding to the mitotic spindle (36) . Interestingly, STIM1 phosphorylation at mitosis also leads to a loss of binding to its PM binding partner Orai1 (37) , resulting in both the functional loss of store-operated calcium entry and the structural loss of this class of PM:ER MCS at mitosis. However, PM substrates that may be involved in phosphorylation-dependent changes in the structure of PM:ER MCS during mitosis have not been identified.
The activity and expression of multiple types of ion channels vary in a cell cycle-dependent manner, often leading to changes in membrane potential throughout the cell cycle (38) . The mechanisms by which ion channels are regulated during the cell cycle is not fully understood, although changes in mRNA expression (39 -41) , phosphorylation (37, 42) , and localization (43) have been observed. K ϩ channels, including Kv2.1, are important regulators of membrane potential and proliferation, and act via both ion conduction-dependent and -independent mechanisms (38) . Given the fundamental role of cell cycle-dependent changes in protein phosphorylation during mitosis, and the dynamic regulation of Kv2.1 by changes in multisite phosphorylation in neurons, we investigated whether the cell cycle impacts phosphorylation of Kv2.1 in COS-1 cells, which unlike many other cells types do not typically cluster Kv2.1. We also determined the impact of M phase clustering of Kv2.1 on PM:ER MCS, and defined the cell cycle-dependent changes in the Kv2.1 phosphorylation state, domains of Kv2.1 mediating cell cycle-dependent clustering, and the functional characteristics of Kv2.1 in M phase versus interphase cells. Our findings on cell cycle-dependent phosphorylation and clustering of Kv2.1 suggest that changes in the subcellular compartmentalization of PM proteins, including those associated with PM:ER MCS, may be a more common feature of cell cycle-dependent changes in cell structure than previously recognized.
Experimental Procedures
Antibodies-The rabbit polyclonal antibodies used were anti-Kv2.1e (RRID:AB_2531887), generated against a Kv2.1 S1-S2 extracellular region peptide CLPELQSLDEFGQSRDNPQL (44) ; anti-phospho-Histone H3 Ser-10 (06-570;, EMD Millipore, Temecula, CA RRID:AB_310177), and phosphospecific antibodies specific against Kv2.1 phosphosites Ser(P)-453 (S453P; RRID:AB_2315784), Ser(P)-563 (S563P; AB_2315785), Ser(P)-603 (S603P; RRID:AB_2531883), and Ser(P)-715 (S715P; RRID:AB_2531884) generated as described previously (21, 45) . The mouse mAbs used were anti-mortalin mAb N52A/42 (RRID:AB_10674108) and anti-Kv1.4 mAb K13/31 (RRID: AB_10673576), directed against the intracellular N terminus of rat Kv1.4 (46); anti-Kv2.1 mAb L83/11 (RRID:AB_2315864), a non-phosphospecific mAb generated against the synthetic peptide SKPPEELEM(pS)SMPSPVAPLPA; anti-Kv2.1 mAb K89/34 (RRID:AB_10672253), generated against the cytoplasmic distal C-terminal end of Kv2.1; anti-Kv2.1 recombinant mAb K89/34 IgG2a (RRID:AB_2315768), which is the recombinant version of K89/34 with the IgG1 heavy chain constant region replaced with that of the IgG2a subclass (14) ; and anti-Kv2.1 Ser(P)-603 phosphospecific mAb L61/14 (RRID:AB_ 2315769), generated against the p603 phosphopeptide (14, 18, 21, 45) . The anti-Kv2.1 Ser(P)-586 phosphospecific mAb L100/1 (RRID:AB_2531886), directed against the Ser(P)-586 phosphopeptide CMSSID(pS)FISSA, was generated for this study. Of the top 96 L100 candidate mAbs originally selected by their binding to this phosphopeptide by ELISA, L100/1 was distinguished by a lack of binding to the corresponding dephosphopeptide, and that in immunocytochemistry experiments in transfected HEK293 cells it recognized cells expressing wildtype Kv2.1 but not those expressing the S586A mutant. Moreover, in immunohistochemistry analyses of brain sections, L100/1 immunolabeling overlaps precisely with that of Kv2.1 in control brains, but is eliminated in brains from animals subjected to hypoxia, which triggers dephosphorylation of Kv2.1. L100/1 immunolabeling is also eliminated in brain sections from Kv2.1 knock-out mice. The mouse mAbs N52A/42, K13/ 31, K89/34, and L83/11 are available from the University of California, Davis/NIH NeuroMab Facility, a not-for profit supplier of mAbs administered through the University of California. The secondary antibodies used were from ThermoFisher (Waltham, MA) and were goat anti-rabbit IgG (HϩL)-Alexa Fluor 488 (RRID:AB_10563748), goat anti-mouse IgG1-Alexa Fluor 488 (RRID:AB_10053811), goat anti-mouse IgG2a-Alexa Fluor 488 (RRID:AB_10562578), goat anti-rabbit IgG (HϩL)-Alexa Fluor 555 (AB_10561552), goat anti-mouse IgG1-Alexa Fluor 555 (RRID:AB_10562375), goat anti-mouse IgG2a-Alexa Fluor 555 (RRID:AB_1500824), goat anti-rabbit IgG (HϩL)-Alexa Fluor 647 (RRID:AB_10562581), and goat anti-mouse IgG1-Alexa Fluor 647 (RRID:AB_10565021).
Cell Culture and Transfection-COS-1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum (HyClone), 1% penicillin/streptomycin, and 1ϫ GlutaMAX (ThermoFisher). COS-1 cells were split to 15-20% confluence, then immediately transiently transfected with rat Kv2.1, Kv1.4, or Kv2.1 mutants in the mammalian expression vectors pRBG4 (47) or pCGN (48) using Lipofectamine 2000 (ThermoFisher) transfection reagent following the manufacturer's protocol. COS-1 cells were used 40 -48 h post-transfection and splitting. Generation of plasmids was described previously (9, 17, 45, 49) . CHO cells stably transfected with rat Kv2.1 under a tetracycline (Tet) inducible promoter (CHO-Kv2.1) were generated as previously described (50) . CHO-Kv2.1 cells were maintained in Ham's F-12 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin, 1 g/ml of blasticidin, and 25 g/ml of Zeocin. T-REx-CHO cells, which were used to generate the CHO-Kv2.1 stable cell line but do not express Kv2.1, were used as control cells, and were maintained in identical conditions as CHO-Kv2.1 cells except without the addition of Zeocin in the maintenance media (50) . To initiate expression of Kv2.1, tetracycline was added to the maintenance media at a concentration of 1 g/ml. CHO cells were used 24 h after addition of tetracycline. INS-1 cells were a generous gift from Dr. David Keller, California State University, Chico. INS-1 cells were maintained in RPMI 1640 with 11.1 mM D-glucose supplemented with 10% fetal clone III, 1% penicillin/streptomycin, 25 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 M 2-mercaptoethanol. All cell lines were grown in a humidified incubator at 37°C and 5% CO 2 . For metaphase arrest, 1 g/ml of colchicine was added to maintenance media 16 -17 h before use.
Immunofluorescence Labeling of Mammalian Cell Lines Expressing Kv2.1-COS-1 and CHO cells expressing Kv channels were grown on poly-L-lysine-coated glass coverslips and fixed for 15 min in ice-cold, 4% formaldehyde prepared fresh from paraformaldehyde, 4% sucrose, 0.1% Triton X-100 in DPBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7.4) with 1 mM CaCl 2 and 1 mM MgCl 2 . Cells were blocked with 3% (w/v) bovine serum albumin, 0.1% Triton X-100 in TBS (20 mM Tris, 150 mM NaCl), pH 7.4, then incubated with primary antibodies. Primary antibodies were detected with mouse IgG subclass-specific or rabbit goat secondary antibodies conjugated to Alexa Fluor (1:2000; Thermo-Fisher). Cells were labeled with dyes (Hoechst 33258; Phalloidin, ThermoFisher) during incubation with secondary antibodies. Images were acquired with an AxioCam MRm digital camera installed on a Zeiss AxioImager M2 microscope or with an AxioCam HRm digital camera installed on a Zeiss AxioObserver Z1 microscope with a ϫ63/1.40 NA plan-Apochromat oil immersion objective or a ϫ20/0.8 NA plan-Apo-chromat objective and an ApoTome coupled to Axiovision software (Zeiss, Oberkochen, Germany).
Live Cell Imaging-For live cell imaging of GxTX-labeled cells, COS-1 cells transfected with GFP-Kv2.1 were imaged in a modified Ringer's solution (3.5 mM KCl, 155 mM NaCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, pH 7.4) containing 0.1% BSA and 10 mM glucose. Cells were incubated in 10 nM GxTX-550 (51) . DNA was labeled with a formulation of Hoechst 33342, a live cell compatible nuclear dye (Thermo-Fisher R37605). Images were acquired with an EMCCD camera (Photometrics QuantEM 512SC) mounted on an Zeiss AxioObserver Z1 microscope with a ϫ40/1.3 NA plan Neofluar oil-immersion objective, and run by the Micromanager software suite 1.4 (51) . To select M phase cells for electrophysiology, DNA was labeled with Hoechst 33342, and images were acquired with a ϫ40/0.95 NA plan Apochromat air objective.
For total internal reflection fluorescence (TIRF) imaging, live COS-1 cells transfected with pDsRed2-ER with or without GFP-Kv2.1 were imaged in a physiological saline solution (4.7 mM KCl, 146 mM NaCl, 2.5 mM CaCl 2 , 0.6 mM MgSO 4 , 1.6 mM NaHCO 3 , 0.15 mM NaH 2 PO 4 , 20 mM HEPES, pH 7.4) containing 8 mM glucose and 0.1 mM ascorbic acid. DNA was labeled with Hoechst 33342. Cells were maintained at 37°C during the course of imaging with a heated stage and objective heater. Images were obtained with an Andor iXon EMCCD camera installed on a TIRF/widefield equipped Nikon Eclipse Ti microscope using a Nikon LUA4 laser launch with 405, 488, 561, and 647 nm lasers with a ϫ100 plan Apo TIRF, 1.49 NA objective run with NIS Elements software (Nikon).
Image Analysis-All of the images were transferred to Photoshop software (Adobe Systems, San Jose, CA) or ImageJ (National Institutes of Health) as linear 8-bit TIF files. For analyses of clustering, three independent samples of at least 20 cells each were scored for having clustered or dispersed localization. For analysis of clustering by coefficient of variation, ImageJ was used to measure the mean and S.D. of the pixel intensity values of regions of interest drawn around each cell, excluding the edge of the cell and perinuclear labeling (which is often Golgi labeling), from an n of three independent samples of at least 30 cells each, imaged with a ϫ63 objective. For measuring the levels of phospho-Kv2.1 immunolabeling, the intensities of phosphospecific Kv2.1 immunolabeling and total Kv2.1 immunolabeling were measured in regions of interests drawn around each cell, excluding the edge of the cell in the ImageJ. To account for variations in the overall level of total Kv2.1 and slight differences in background labeling between M phase and interphase cells, the average intensity of phosphospecific immunolabeling in control M phase cells was subtracted from the average intensity of phosphospecific immunolabeling in Kv2.1 expressing M phase cells, and the average intensity of phosphospecific immunolabeling in control interphase cells was subtracted from the average intensity of Kv2.1 expressing interphase cells. The same calculation was performed with total Kv2.1 immunolabeling. The difference in the ratio of phosphospecific immunolabeling to the total Kv2.1 immunolabeling between M phase and interphase COS-1 cells was calculated based on the backgroundsubtracted values. This analysis was performed in an n of three independent samples of at least 28 cells each, imaged with a ϫ20 objective. All images were measured from z-stacks of optical sections taken at equal exposure across all images within an experiment. Representative images were taken with optimal exposure time.
For cortical endoplasmic reticulum (cER) morphology analysis, images were taken at optimal exposure to adjust for the inherent variability in intensity observed with transient transfection. To measure cluster size, regions of interests were drawn around individual clusters in ImageJ, and the surface area of regions was measured. Up to 15 of the largest clusters on each cell were chosen for analysis. Analysis was performed blind. This analysis was performed on three independent samples of at least 5 cells each, imaged with a ϫ100 objective using TIRF microscopy.
SDS-PAGE and Immunoblotting-Analyses of COS-1 and CHO cell lysates prepared from transfected cells were performed as described (17, 52) . In brief, cells were lysed for 5 min on ice in an ice-cold lysis buffer solution containing TBS (20 mM Tris, 150 mM NaCl, pH 8.0), 10 mM EDTA, 2% Triton X-100, 10 mM iodoacetamide, 10 mM NaF, and a protease inhibitor mixture (2 g/ml of aprotinin, 1 g/ml of leupeptin, 2 g/ml of antipain, 10 g/ml of benzamidine, and 1 mM phenylmethylsulfonyl fluoride). The detergent lysate was centrifuged in a microcentrifuge for 5 min at 16,100 ϫ g to pellet nuclei and debris, and the resulting supernatant (cleared lysate) was saved for analysis. For INS-1 cells, crude membrane preparations were performed as described (53) . In brief, cells were pelleted by centrifugation at 400 ϫ g, and then homogenized in phosphate buffer (50 mM K 2 HPO 4 , pH 7.4, 0.1 M NaCl) containing 10 mM iodoacetamide, 10 mM NaF, and a protease inhibitor mixture (described above). The homogenate was centrifuged at 400 ϫ g for 5 min to remove nuclei and unbroken cells, and then centrifuged at 38,900 ϫ g for 90 min to pellet membranes. Membranes were resuspended in homogenization buffer (320 mM sucrose, 5 mM NaPO 4 , pH 7.4) to prepare a membrane fraction. For immunoblots, the COS-1 or CHO cell-cleared lysate or INS-1 cell membrane fraction was added to one-third volume of 4ϫ reducing SDS sample buffer and fractionated on 9% SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and immunoblotted with various antibodies, as described above. Note that "lauryl sulfate" (Sigma L-5750) was used in SDS gel recipes to accentuate electrophoretic mobility differences between different phosphorylation states of Kv2.1, as described previously for other proteins (17, 54) . For rabbit polyclonal antibodies specific against Kv2.1 phosphosites Ser(P)-603 (S603P) and Ser(P)-715 (S715P), peptide absorption was performed to block non-phosphospecific antibodies; antisera were incubated at 4°C overnight with 123 g/ml of nonphosphorylated Kv2.1 fusion protein (containing the Kv2.1 C-terminal amino acids 529 -775) tagged with glutathione S-transferase (GST), immediately before being used for immunoblotting. Primary antibodies were detected with mouse IgG subclass-specific or rabbit goat secondary antibodies conjugated to Alexa Fluor (1:1500; ThermoFisher). Quantitation of immunoreactivity was performed by densitometry analysis using AlphaView software (ProteinSimple, Santa Clara, CA).
Phosphatase digestion was performed on COS-1 cell lysates with 0.1 unit/l of calf intestinal alkaline phosphatase (Roche Life Science, Indianapolis, IN) at 37°C for 2 h in 0.1 mM EDTA, 50 mM Tris, pH 8.5, in the presence of 0.1% pure SDS (161-0301, Bio-Rad) and a protease inhibitor mixture (described above) with the addition of 100 mM NaF in control samples not treated with alkaline phosphatase. The reaction was stopped by the addition of one-third volume of 4ϫ reducing SDS sample buffer.
Electrophysiology-Whole cell voltage clamp recordings were used to measure currents from Kv2.1 channels. CHO-Kv2.1 cells stably transfected with rat Kv2.1 under control of a tetracycline repressor (50) were maintained as described above. For patch clamp recordings, cells were grown for 1-2 days on uncoated glass bottom 35-mm dishes (D35-20-1.5-N, Cellvis, Mountain View, CA) in 2 ml of Ham's F-12 medium with 10% FBS and 100 units/ml of penicillin-streptomycin, without the selection agents described above. To induce channel expression, minocycline (1 g/ml) was added 1-1.5 h before removal from the incubator. To label chromosomes, 2 drops of Hoechst 33342 solution was added 20 min before removal from the incubator. Upon removal from the incubator, cells were rinsed with an external solution containing (in mM): 3.5 KCl, 155 NaCl, 1.5 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES, adjusted to pH 7.4, with NaOH. The internal (pipette) solution contained (in mM): 155 KCl, 15 NaCl, 2 MgCl 2 , 10 HEPES, 0.1 EGTA adjusted to pH 7.2 with KOH. Pipettes were pulled from thin-wall borosilicate glass (Sutter BF150-110-10HP), coated with Sylgard (SYLG184, Dow Corning, Midland, MI), heat cured, and fire polished. Pipette tip resistances were less than 4 M⍀. Spatially isolated cells with Hoechst fluorescence indicating either M-phase or interphase chromatin structure were selected for patch clamp. Recordings were at room temperature (21-23°C). Voltage clamp was achieved with an Axon Axopatch 200B amplifier (MDS) run by Patchmaster software (HEKA Instruments, Holliston, MA). Holding potential was Ϫ100 mV. Liquid junction potential offset was calculated to be less than 4 mV and was not corrected. Series resistance compensation was used when necessary, to constrain voltage error to less than 10 mV. Capacitance and Ohmic leak were subtracted using a P/5 protocol. Recordings were low pass filtered by the amplifier at 10 kHz and digitized at 100 kHz. Current traces were digitally filtered at 1 kHz for display in figures. Data were analyzed and plotted with IgorPro software (Version 6, Wavemetrics, Lake Oswego, OR). Conductance, G, was determined from the current level at the end of a 100-ms step to the indicated voltage, normalized by the driving force from a calculated reversal potential of Ϫ97 mV. Conductance change with voltage was fit from Ϫ80 to ϩ40 mV with the fourth power of a Boltzmann distribution described previously (51) . V mid is the voltage when the fit reaches half-maximal amplitude, z is the number of electronic charges determining slope, A is maximal amplitude. To measure activation, kinetics during a voltage step from Ϫ100 to ϩ40 mV were fit from 10 to 90% current rise by the power of an exponential function as described previously (55) . Steady state conductance, G SS , was measured from current amplitude at the end of a 100-ms step to 0 mV following a 10-s pre-pulse to the indicated voltage and fit by a Boltzmann distribution of the form,
where V is pre-pulse voltage, V1 ⁄ 2 is the voltage when the fit reaches half-maximal amplitude, z is the number of electronic charges determining slope, B is the baseline of the fit, A is maximal amplitude above baseline. To reduce the number of free parameters, fits were truncated at 0 mV to avoid complications due to U-type inactivation at more positive voltages (56) . To measure inactivation, kinetics were fit by a monoexponential function.
Results
The Plasma Membrane Ion Channel Kv2.1 Is Preferentially Clustered at M Phase-To investigate cell cycle-dependent regulation of Kv2.1, we first expressed recombinant Kv2.1 in proliferating heterologous COS-1 cells. We initially used nuclear morphology as assessed by staining of DNA with Hoechst dye to identify M phase cells based on their condensed chromosomes. We found that in cultures of transiently transfected COS-1 cells that, as previously shown (8, 16, 17, 22) , the vast majority of transfected cells express exogenous Kv2.1 uniformly throughout the plasma membrane (see representative cell in the lower right of panels in Fig. 1A ). However, a subpopulation of cells exhibited robust Kv2.1 clustering (see representative cell in the upper left of panels in Fig. 1A ). The cells with clustered Kv2.1 typically had condensed chromosomes as revealed with the Hoechst dye ( Fig. 1A ). We confirmed that these robust differences in Kv2.1 localization in different subpopulations within the same cultures were related to the cell cycle stage by immunolabeling for histone H3 phosphorylated at Ser-10 (H3pS10; Fig. 1A) , an M phase marker (57) . In contrast to Kv2.1, the related Kv1.4 Kv channel, which also has a uniform expression in COS-1 cells (e.g. Ref. 52) , retains this uniform expression in both interphase and M phase COS-1 cells ( Fig. 1B ). Surface plots (58) of selected regions of the COS-1 cell plasma membrane (Fig. 1C ) demonstrate that Kv2.1 immunolabeling of the M phase cell at the upper left of panel A has a greater difference between the fluorescence intensity local minima and maxima relative to the interphase cell at the lower right, consistent with the non-uniform (i.e. clustered) subcellular localization of Kv2.1 in M phase cells. Labeling for Kv1.4 is similar in interphase and M phase cells (Fig. 1C) . A significantly increased incidence of cells with clustered Kv2.1 was observed in M phase cells regardless of whether the cell cycle stage was determined by Hoechst staining and the presence or absence of condensed chromosomes, or by H3pS10 immunolabeling (Fig.  1D) . Moreover, analysis of the intensity of Kv2.1 immunolabeling across the M phase and interphase cells revealed that the coefficient of variation of labeling intensity is significantly greater in M phase cells, further supporting increased Kv2.1 clustering in M phase cells, and more diffuse, uniform expression in interphase cells (Fig. 1E ). As such, Kv2.1 clustering in COS-1 is distinct from that seen for recombinant Kv2.1 expressed in heterologous Madin-Darby canine kidney (8) and HEK293 (16) cells, and endogenous and exogenous Kv2.1 in neurons (2, 8 -10), in that Kv2.1 clustering in COS-1 cells is not seen during all stages of the cell cycle but is limited to M phase cells.
We next assessed whether the M phase Kv2.1 clusters are found on the cell surface. If Kv2.1 clusters are plasma membrane localized, they are targeted by guangxitoxin-1E, a tarantula toxin that selectively binds to Kv2 channels (51, 59) . We applied guangxitoxin-1E conjugated to a DyLight 550 fluorophore (GxTX-550) to live COS-1 cells expressing GFP-Kv2.1. GxTX-550 labeled the Kv2.1 clusters present in M phase cells as well as the diffuse Kv2.1 in interphase cells (Fig. 1F) , indicating cell surface localization of Kv2.1 during both M phase and interphase. The clustered GFP-Kv2.1 present in M phase cells appears to have a somewhat decreased GxTX-550 labeling intensity relative to the diffuse GFP-Kv2.1 in interphase cells. The cause of this decreased intensity is unclear, but could result from self-quenching of clustered fluorophores, different conformational states of Kv2.1 impacting the binding of this statespecific toxin (51) , or a subpopulation of subsurface GFP-Kv2.1 (60) .
Multisite Phosphorylation of Kv2.1 Increases at M Phase-Clustering of Kv2.1 in brain neurons is reversibly regulated by stimuli that cause changes in the Kv2.1 phosphorylation state (18) . The large (440 amino acid) carboxyl-terminal cytoplasmic tail of Kv2.1 contains both the "proximal restriction and clustering" (PRC) domain (9) , which is necessary for clustering of Kv2.1 in neurons, and the bulk (33/37) of the known in vivo phosphosites (reviewed in Ref. 29 ), a subset of which independently regulate phosphorylation-dependent modulation of Kv2.1 expression, localization, and function. Studies in neurons (18) and heterologous HEK293 cells (16) show that increased Kv2.1 clustering is correlated with increased phosphorylation, and vice versa. Because changes in phosphorylation state regulate many cell cycle-dependent changes in protein function, we next addressed whether the changes in Kv2.1 localization depicted in Fig. 1 occur in concert with cell cycle-dependent changes in Kv2.1 phosphorylation state.
We employed previously described phosphorylation-specific (phosphospecific) antibodies against four Kv2.1 phosphosites (Ser(P)-453, Ser(P)-563, Ser(P)-603, and Ser(P)-715) that LC-MS/MS analyses identified as phosphosites found on Kv2.1 purified from HEK293 cells and brain, and that stable isotope labeling by amino acids in cell culture-based quantitative LC-MS/MS analyses of HEK293 cells had shown are regulated by calcineurin-dependent dephosphorylation (45) . Studies employing these phosphospecific antibodies showed that these sites exhibit activity-dependent changes in the phosphorylation state in brain neurons (21) . We also employed a novel phosphospecific monoclonal antibody (mAb) "L100/1" against the Ser(P)-586 phosphosite, which is located within the PRC domain and critical for Kv2.1 clustering (9). Although we identified Ser(P)-586 as an in vivo phosphosite in analyses of Kv2.1 purified from brain and HEK293 cells (45) , in our subsequent stable isotope labeling by amino acids in cell culture analyses of HEK293 cells (45, 61), we could not detect either the phosphorylated or unphosphorylated tryptic peptides containing Ser-586, perhaps due to the lower amounts of starting material used in these experiments involving metabolic labeling of cultured cells. We used these phosphospecific anti-Kv2.1 antibodies in conjunction with antibodies against total Kv2.1 and Hoechst dye in multiplex immunofluorescence labeling experiments on COS-1 cells. We found that the intensity of phosphorylation at all five phosphosites (Ser(P)-453, Ser(P)-563, Ser(P)-586, Ser(P)-603, and Ser(P)-715) was higher in M phase cells than in interphase cells (Fig. 2, A and C) . In each case phosphospecific labeling was more prominent in cells with clustered Kv2.1 than with diffuse Kv2.1. These results show that similar to brain neurons, clustering of Kv2.1 channels in COS-1 cells is associated with increased Kv2.1 phosphorylation.
To determine whether the cell cycle-dependent changes in Kv2.1 phosphorylation seen in non-human primate COS-1 cells occur in other cell types, we next examined Kv2.1 stably expressed in rodent CHO cells. We found that similarly to transiently transfected COS-1 cells, the stable CHO cell line exhibited increased levels of phosphospecific Kv2.1 antibody labeling at this same set of five phosphosites in M phase cells (Fig. 2, B  and D) . Interestingly, distinct from COS-1 cells, Kv2.1 expressed in CHO cells exhibited some degree of clustering in a subpopulation of interphase cells (asterisks in Fig. 2B ). Together, these results support that diverse cells types (African green monkey COS-1 kidney fibroblasts and Chinese hamster ovary CHO cells) exhibit cell cycle-dependent regulation of Kv2.1 phosphorylation.
M Phase Kv2.1 Clusters Are Located at PM:ER MCS and Alter
Cortical ER Morphology-Kv2.1 clusters are localized to PM:ER MCS in neurons (11) (12) (13) (14) and when heterologously expressed in HEK293 cells (23) , where they induce PM:ER MCS formation (23) . The ability of Kv2.1 to induce and/or stabilize PM:ER MCS in neurons and HEK293 cells depends on the localization of Kv2.1 to clusters, as acutely disrupting Kv2.1 clusters pharma- cologically or with mutations blocks the effect of Kv2.1 on PM:ER MCS (23). To determine whether M phase-specific Kv2.1 clusters promote PM:ER MCS formation, we expressed the ER marker pDsRed2-ER in COS-1 cells with or without GFP-Kv2.1. A live cell compatible nuclear dye was used to distinguish M phase and interphase COS-1 cells. Live COS-1 cells were imaged using TIRF microscopy to selectively illuminate the basal plasma membrane and the juxtaposed cER. The cER in interphase cells is primarily composed of small puncta and occasional tubules, regardless of coexpression with Kv2.1 (Fig.  3, A and C) . A similar pattern was observed in M phase cells in the absence of Kv2.1 (Fig. 3B ). In the presence of Kv2.1, cER puncta show robust colocalization with Kv2.1 clusters during M phase, but not during interphase when Kv2.1 is diffuse (Fig.  3, C-E) . M phase Kv2.1 clusters alter cER morphology in a manner dependent on the size of the Kv2.1 clusters (Fig. 3G) . M phase cells with small Kv2.1 clusters have small cER puncta, similar in appearance to M phase cER in the absence of Kv2.1 (Fig. 3, B, D, F, and G) . On the other hand, large M phase Kv2.1 clusters induce the formation of large cER clusters, a morphology that was never observed in the absence of large Kv2.1 clusters ( Fig. 3, E-G) . These results demonstrate a role for M phase Kv2.1 clusters in regulating cER morphology specifically in regards to its association with PM:ER MCS.
Analysis of Kv2.1 Clustering Mutants Suggests Similar Mechanisms Underlie Kv2.1 Clustering in Neurons and in M Phase
Heterologous Cells-Previous analyses of Kv2.1 clustering determinants used a series of Kv2.1 internal deletion, truncation, and point mutants to define a specific segment on the Kv2.1 C terminus (amino acids 573-598; the so-called PRC domain, Fig. 4A ), and four critical residues therein (Ser-583, Ser-586, Phe-587, and Ser-589) that are necessary for Kv2.1 clustering in cultured hippocampal neurons (9) . We used a subset of these mutants to determine whether the same determinants are involved in M phase clustering of Kv2.1. We expressed this panel of Kv2.1 mutants in COS-1 cells, and examined their subcellular localization in M phase and interphase cells. COS-1 cells transfected with the Kv2.1 C-terminal truncation mutants ⌬C187, ⌬C237, and ⌬C247 retain M phasespecific Kv2.1 clustering (Fig. 4B ). However, eliminating larger portions of the C terminus of Kv2.1 including the PRC domain, in the ⌬C263, ⌬C273, and ⌬C318 truncation mutants, abolished M phase clustering (Fig. 4B) . These results are broadly consistent with the patterns of clustering of these mutants in cultured hippocampal neurons (9), as summarized in the "neuronal clustering" column in Fig. 4B . This may be expected given the similar phosphorylation-dependent regulation of Kv2.1 clustering in neurons (18) and in heterologous HEK293 cells (16) .
M phase Kv2.1 clustering was also eliminated in the point mutants S586A and S589A (Fig. 4, B and C) , also consistent with their diffuse localization in neurons (9) . However, the S583A mutant retained the cell cycle-dependent clustering typical of wild-type Kv2.1 (Fig. 4B) , inconsistent with its diffuse localization in neurons (9) . This suggests that although clustering of Kv2.1 in neurons and its cell cycle-dependent clustering in proliferating cells require the same overall domain of Kv2.1, exhibit phosphorylation dependence, and share the bulk of the same specific residues, the two types of clustering are distinct in their requirement for an intact serine residue at Ser-583.
Although Kv2.1 is phosphorylated at Ser(P)-453, Ser(P)-563, Ser(P)-586, Ser(P)-603, and Ser(P)-715 in M phase cells (Fig. 2) , the truncation analyses presented in Ref. 9 would suggest that except for Ser(P)-586, these other phosphosites are not critical for clustering, as these residues are deleted in truncation and/or internal deletion mutants that retain clustering (9) . Consistent with this prediction, we found that Kv2.1 phosphosite mutants S453A, S563A, S603A, and S715A were similar to WT Kv2.1 in their cell cycle-dependent clustering (Fig. 4, B and C) . Conversely, the S586A mutant, which lacks clustering, still shows an overall increase in cell cycle-dependent phosphorylation, for example, at Ser(P)-603 ( Fig. 4, B and C) . This suggests a widespread increase in Kv2.1 phosphorylation at numerous sites during M phase, although of the sites that exhibit enhanced M phase labeling with phosphospecific antibodies, only the alanine mutation at Ser-586 disrupted cell cycle-dependent clustering. These results also show that cell cycle-dependent phosphorylation of Kv2.1 can occur in the absence of Kv2.1 clustering.
Metaphase Arrest Causes Increased Kv2.1 Phosphorylation-We next determined whether experimentally arresting cells in metaphase would impact phosphorylation of Kv2.1. Control cultures of COS-1 and CHO cells have very low levels of M phase cells, as judged by immunolabeling for the M phase marker H3pS10 (Fig. 5A ). In this experiment, H3pS10 labels only 5.6 Ϯ 0.6% of COS-1 cells, and 3.7 Ϯ 1.0% of CHO cells (Fig. 5A ). We used colchicine treatment to induce metaphase arrest and increase steady-state levels of M phase cells. Colchicine treatment increased the percentage of H3pS10-positive COS-1 and CHO cells to 42.9 Ϯ 3.9 and 32.8 Ϯ 0.5%, respectively ( Fig. 5A ). Immunoblots of cell lysates prepared from such cultures using phosphospecific antibodies showed Kv2.1 phosphorylation at Ser(P)-563, Ser(P)-603, and Ser(P)-715 were significantly increased in lysates prepared from both COS-1 (Fig.  5, B and C) and CHO (Fig. 5, B and D) cells subjected to colchicine treatment. Although phosphorylation at these sites could be analyzed by immunofluorescence immunocytochemistry, phosphorylation at Ser(P)-453 and Ser(P)-586 could not be studied by immunoblot, as our phosphospecific Ser(P)-453 antibody had an interfering nonspecific band on immunoblots that was present in samples of the S453A mutant (not shown) and the phosphospecific Ser(P)-586 L100/1 mAb does not work on immunoblots. Immunoblots probed for total Kv2.1 showed the addition of a higher M r band in colchicine-treated COS-1 and CHO cells (Fig. 5, B and E) . Treatment with alkaline phosphatase eliminated this higher M r Kv2.1 band (Fig. 5E ), indicating an increase in the overall phosphorylation of a subpopulation of Kv2.1 with colchicine treatment. Together, these results show that experimentally inducing metaphase arrest leads to increased Kv2.1 phosphorylation at three sites, further strengthening the link between cell cycle and changes in the Kv2.1 phosphorylation state.
Kv2.1 Phosphorylation Is Increased at M Phase in Pancreatic ␤ Cells-Pancreatic ␤ cells express endogenous Kv2.1, where it plays a critical role in regulating glucose-dependent insulin secretion (5, 62) . The immortalized INS-1 cell line is derived from rat pancreatic ␤ cells, expresses Kv2.1 (63) , and has been used as a cell culture model of ␤ cell function (e.g. Refs. 64 and 65). To evaluate cell cycle-dependent regulation of Kv2.1 phosphorylation in a proliferative cell type that endogenously expresses Kv2.1, we prepared samples from INS-1 cells that had been treated with colchicine to arrest cells in metaphase. Immunoblots with anti-Kv2.1 phosphospecific antibodies revealed increased levels of Ser(P)-563 and Ser(P)-603 phosphorylation in membrane fractions from colchicine-treated (metaphase arrested) INS-1 cells compared to untreated INS-1 cells (Fig. 6, A and B) , consistent with results from COS-1 and CHO cells exogenously expressing recombinant Kv2.1. This suggests that M phase Kv2.1 phosphorylation is not an effect seen only upon exogenous expression of Kv2.1 in heterologous cell lines, but also occurs in cells endogenously expressing Kv2.1.
The Electrophysiological Properties of Kv2.1 Expressed in CHO Cells Appear Unchanged during M Phase-Changes in Kv2.1 phosphorylation are associated with diverse changes in the amplitude and/or gating characteristics of Kv2.1 currents in neurons and heterologous cells (18, 24 -27, 66, 67) . To determine whether Kv2.1 amplitude and/or gating are impacted by the altered phosphorylation state observed in M phase cells, we performed whole cell patch clamp in CHO cells stably expressing Kv2.1. A live cell compatible nuclear dye was used to distinguish M phase and interphase CHO cells (Fig. 7, A and B) . Voltage step protocols elicited outward currents typical of Kv2.1 in this cell line (Fig. 7C ). Within the limits of error in our dataset, the macroscopic Kv2.1 current amplitude, voltage-dependent activation, steady state inactivation, as well as kinetics of activation and inactivation were not significantly different between interphase and M phase cells (Fig. 7, D-H) . These data suggest that the cell cycle-dependent changes in Kv2.1 phosphorylation and localization ( Figs. 1-3 ) do not result in alteration of the ionic currents of Kv2.1.
Discussion
Our findings, together with those previously published, show that clustered Kv2.1 is associated with PM:ER MCS, and that the association is conditional and regulated by the Kv2.1 phosphorylation state. This conditional association of Kv2.1 with PM:ER MCS in COS-1 cells is distinct in that it is specific to M phase cells and is not present in interphase cells, as it is in other proliferating cells (e.g. HEK293 cells). Kv2.1 is not expressed in all cell types, and has been most thoroughly characterized in cells that in adults are post-mitotic, such as neurons, and car-diac and skeletal muscle (3) . As such, whereas Kv2.1 localizes to and modulates the structure of PM:ER MCS in all cells in which it has been examined, it is not a fundamental component of the PM:ER MCS in all cells. Kv2.1 is expressed in mitotic cells such as smooth muscle (4) , pancreatic ␤ cells (68) , insulinoma cells such as INS-1 cells (63), rat mesenchymal stem cells (6) , and certain types of uterine cancer cells (7) . In these latter cell types blockade or knockdown of Kv2.1 suppresses proliferation (6, 7) , suggesting a possible reciprocal relationship between cell cycledependent regulation of Kv2.1 and cell cycle progression. The lack of robust cell cycle regulation of the functional properties of Kv2.1, at least when expressed in heterologous CHO cells, argues against a model where enhanced M phase phosphorylation impacts gating of Kv2.1 channels and this altered channel activity contributes to the cycle-dependent changes in membrane potential that have been observed in many cell types (69) . Future studies may define whether cycle-dependent changes in localization and the phosphorylation state of Kv2.1 impact cell cycle progression in the diverse proliferating cell types that express Kv2.1.
A number of K ϩ channels play a critical role in cell cycle progression (38) . This expands the initially established role of K ϩ channels as mediators of rapid changes in membrane potential in neurons and other excitable cells (70) , to that of important effectors of proliferation in non-excitable cells, and as potential targets and biomarkers for cancer (71) (72) (73) . In addition to their canonical role in conducting K ϩ ions across the plasma membrane to regulate membrane potential, K ϩ concentration, and cell volume, K ϩ channels play non-canonical roles independent of their ionic conductance (38) . The role of Kv2.1 at PM:ER MCS is still unclear, but may lie outside of its function as a voltage-gated K ϩ channel. Previous studies in HEK293 cells have suggested that most if not all of the Kv2.1 channels clustered at PM:ER MCS may be non-functional (74) . Taken together with the finding that Kv2.1 stabilizes and/or enhances PM:ER MCS, as shown here in M phase COS-1 cells, and previously in HEK293 cells and neurons (12, 23) suggests a structural, rather than ion conducting, role for Kv2.1 at these sites. As tools to study functions of ion channel proteins outside of their ionic conductance advance, a theme whereby ion channels have functions supplementary to transmembrane ion flux has begun to emerge, for example, serving as PM scaffolding proteins for intracellular signaling complexes (75) . There are well established roles for other PM ion channels that localize to PM:ER MCS, most involving the specialized Ca 2ϩ signaling that occurs at these sites (76) . For example, voltage-gated Ca 2ϩ channels are localized to junctional triads in skeletal and cardiac muscle (77) , and Ca 2ϩ -activated BK K ϩ channels to sites overlaying subsurface cisternae in neurons (78) , and SR in smooth muscle (79) . Kv2.1 function is not intrinsically Ca 2ϩsensitive (1), although Kv2.1 is regulated through changes in phosphorylation state as mediated by Ca 2ϩ -dependent protein kinases and phosphatases (18 -21) . Another distinct aspect of the PM:ER MCS of many cells is that they represent specialized lipid environments (77) . Activity of a number of ion channels is regulated through binding to specialized lipids that are highly enriched at PM:ER MCS, such as PIP 2 (80) . While a comprehensive analysis of Kv2.1 regulation by PIP 2 and its molecular determinants has not been performed, PIP 2 does prevent the rundown of Kv2.1 seen during excised patch clamp recordings (81) , although depletion of PIP 2 in intact cells does not affect Kv2.1 function (82); see Ref. 83 for a discussion of conflicting reports. In certain cell types Kv2.1 is associated with noncaveolar lipid rafts, and this association impacts Kv2.1 function (84 -87) . The presence of Kv2.1 at PM:ER MCS, which have been purported to be enriched in raft-like lipid domains (76) , may have a further impact on Kv2.1 function. Our data show that cell cycle-dependent Kv2.1 clustering is mediated by the same determinants (with the exception of Ser-583) that mediate clustering in neurons, suggesting common mechanisms. The overall mechanisms of Kv2.1 clustering are not fully elucidated, although compelling data have been presented for a perimeter fence mechanism (88) . Future studies may reveal how changes in the phosphorylation state of Kv2.1 are mechanistically connected to changes in Kv2.1 clustering and association with PM:ER MCS.
Our results reveal novel cell cycle-dependent phosphorylation of a PM protein associated with PM:ER MCS. To date, no specific examples of cell cycle-dependent changes in phosphorylation of PM components of PM:ER MCS, such as demonstrated here for Kv2.1, have been reported. Moreover, PM proteins that exhibit altered localization within the PM during mitosis, as we observe for Kv2.1, have not been reported in mammalian cells. As such Kv2.1 is emerging as having an intriguing role, not only as one of the few known PM components of PM:ER MCS, but also as a unique example of a PM protein whose phosphorylation state, and association with these sites, changes in a cell cycle-dependent manner. A well established PM component of one class of PM:ER MCS is the Orai subunit of the STIM1⅐Orai complex (89) . The STIM1 component of this complex is localized to the ER membrane, and reversibly interacts with PM Orai to form the ion channel that underlies store-operated Ca 2ϩ entry (90) . STIM1 also becomes phosphorylated at mitosis, resulting in a loss of inter- Lines are fits of a fourth-power Boltzmann function. Parameters from fits Ϯ S.D.: interphase (dotted line), V mid ϭ 7 Ϯ 2 mV, z ϭ 1.9 Ϯ 0.2 e ϩ ; M phase (solid line), V mid ϭ 9 Ϯ 1 mV, z ϭ 1.9 Ϯ 0.1 e ϩ . F, individual cell parameters from fits to conductance (left and center) or activation kinetics at ϩ40 mV (right). G, mean steady state inactivation-voltage profile during M phase (solid circles, n ϭ 7) or interphase (hollow circles, n ϭ 4). Lines are fits of a Boltzmann function. Parameters from fits Ϯ S.D.: interphase (dotted line), V mid ϭ Ϫ35 Ϯ 1 mV, z ϭ 3.2 Ϯ 0.5 e ϩ ; M phase (solid line), V mid ϭ Ϫ38.1 Ϯ 0.5 mV, z ϭ 3.6 Ϯ 0.2 e ϩ . H, individual cell parameters from fits to steady-state conductance (left and center) or inactivation kinetics at 0 mV (right). action with Orai, providing the mechanism for mitotic inhibition of store-operated Ca 2ϩ entry (37) . Our data suggest a conditional association of Kv2.1 with PM:ER MCS in COS-1 cells that is regulated by phosphorylation, such that its presence at PM:ER MCS is induced by M phase phosphorylation. As such, cell cycle-dependent phosphorylation events can lead to coordinated dissociation of STIM1 from Orai and disruption of this class of PM:ER MCS (37) and formation/stabilization of Kv2.1containing PM:ER MCS.
The protein kinases and phosphatases that regulate cell cycle-dependent clustering are not known. Moreover, it is possible that other forms of post-translational modifications of Kv2.1 during M phase could also contribute to the cell cycledependent changes in Kv2.1 clustering and association with PM:ER MCS. None of the potential phosphoacceptor amino acids whose mutation leads to loss of Kv2.1 clustering (9), including Ser(P)-586, are predicted CDK phosphosites, as are three of the other sites (Ser(P)-563, Ser(P)-603, and Ser(P)-715; but not Ser(P)-453) that we found are phosphorylated at mitosis. One of these sites (Ser(P)-603) is phosphorylated in neurons and HEK293 cells, as well as in vitro, by the neuronal CDK family member CDK5 (19) , an atypical CDK that is not regulated by mitosis. It is not known whether canonical cyclin-dependent CDKs phosphorylate PM substrates, as does CDK5, whose activity is regulated by both cytoplasmic cyclins such as cyclin E (involved in CDK5-mediated Kv2.1 phosphorylation (58)), and by the PM-associated non-cyclin proteins Cdk5R1 (p35) or Cdk5R2 (p39) (91) . Roscovitine, an inhibitor of CDK1, CDK2, CDK5, and CDK7, eliminates Kv2.1 phosphorylation at Ser(P)-603, and Kv2.1 clustering, in neurons and HEK293 cells (19) . We found that Roscovitine also eliminated the subpopulation of COS-1 cells exhibiting enhanced phosphorylation and clustering of Kv2.1 (data not shown), but as Roscovitine inhibits cell cycle progression (92) , and eliminated the subpopulation of M phase COS-1 cells from our cultures, we could not use this pharmacological approach to determine whether these CDK kinases are required for M phase Kv2.1 phosphorylation.
That each of the five Kv2.1 phosphosites analyzed is subjected to cell cycle-dependent phosphorylation suggests widespread changes in phosphorylation of PM proteins may occur at M phase. The cell cycle-dependent phosphorylation and localization of Kv2.1 at PM:ER MCS provides a valuable reporter for characterizing intracellular signaling pathways regulating the phosphorylation state of PM proteins during mitosis, and that serve to couple nuclear events to those at the PM. That the PM Kv2.1 channel is subject to M phase-specific phosphorylation raises questions as to whether other PM proteins may be targets for phosphorylation events that impact PM:ER MCS. It is possible that our findings on cell cycle-dependent phosphorylation and clustering of Kv2.1 may represent an event more common for PM proteins than generally appreciated, as the cell-cycle dependence of Kv2.1 modulation was apparent due to the dramatic phosphorylation-dependent clustering characteristics of Kv2.1, and the availability of anti-Kv2.1 phosphospecific antibodies. The identification of Kv2.1 as a component of PM:ER MCS provides an opportunity to use this PM ion channel as a starting point for studies defining the molecular machinery at these sites and their dynamic regulation during the cell cycle.
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